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( Figure S4e ). The peak at 265 cm -1 and 451 cm -1 are due to Cu-S and S-S mode, respectively, while other three peaks at 323, 346 and 386 cm -1 match well with the Raman mode from Pd-S.
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Similar observation is shown in the annealed 24 h sample except that the S-S mode vanishes completely and the Cu-S mode shifts to around 295 cm -1 ( Figure S4f ). The prominent shift of Cu-S mode from 264 cm -1 to 298 cm -1 indicates a drastic change in the bond length and force field at which they oscillate in the alloyed CuPd x S system. 
Figure S8. (a-c) TEM images of the nanostructures obtained by reacting CuS NCs with Pd 2+ at RT (a), at 50 ºC (b), and at 80 ºC (c). The reaction time is 4 h for all cases. The scale bar is 20 nm. (d-e) HRTEM images from single NCs collected at 80 ºC. Optical spectra (f), and XRD patterns (g) of the corresponding samples.
The reaction of CuS NCs with Pd 2+ ions at higher temperature of 50 ºC and 80 ºC leads to the formation of majority of alloyed CuPd x S nanoplates as well as a minority of smaller (relative to the alloyed amorphous CuPd x S nanoplates) Pd-like NPs containing very small amount of S and Cu ( Figure S8b-e) . The results indicate that higher temperature facilitates the Pd 2+ incorporation and thus the conversion from covellite NCs to amorphous alloyed ones.
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Calculation based on density functional theory
Geometry structure relaxation. We have fully relaxed models using the density functional theory (DFT)-based Vienna Ab Initio Simulation Package (VASP). We used the projector augmented wave (PAW) method with the Perdew-Burke-Ernzerhof (PBE) potential for exchange correlation functional together within the generalized gradient approximation (GGA). For the electronic relaxation, a high energy cutoff of 600 eV is used with the electronic convergence criterion set at 10 -4 eV. For ionic relaxation, we set the force convergence criteria to be 10 -2 eV/Å. The 7×7×7 Monkhorst-Pack grids of k points are selected for these models.
Results and discussion. We first start the calculation by using one cell. The unit cell containing 6 Cu atoms and 6 S atoms is used as the basic cell. From the energetic viewpoint, we choose two different interstitial sites for the location of a Pd atom marked with Pd1 ( Figure S9b ) and Pd2 
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The formation energy for the interstitial Pd is calculated as follows:
The substitution energy of Pd is defined as:
, and E(CuS) are the total energies of the Pd-doped CuS and pure CuS; both E(Cu) and E(Pd) are the energies of individual Cu and Pd atoms, respectively. Based on the above definition, the formation energies of intercalation and substitution are reported in Table S2 , which indicates the stabilization of the system. Clearly, the formation energy is negative only at first site as the interstitial doped state, indicating that the interstitial doping Pd between S-S layers of covellite CuS occurs more likely with respect to the substitution state. To have a further investigation on the charges and bonds of the doping CuSPd 0.167 @1 system, we calculate the Hirshfeld charges and Mulliken bond populations by using CASTEP (Tables S4   and S5 ). One can see from Table S4 that the Hirshfeld charges of S3 and S4 change from -0.10 e to -0.24 e before and after Pd incorporation, and the charge of Pd is 0.28 e. The charges on S1, S2, S3, S4 atoms in the initial cell are quite different with those after the Pd doping, indicating the breaking periodicity of S-S layers along the c axis.
No S3-S4 bond exists in CuSPd 0.167 @1 due to the breaking S-S layers upon inserting the Pd atom. The negative values in the population means the pseudo bonds between Cu and Pd atoms.
After the insertion, Pd bonds with S3 and S4 atoms, which weakens the bonds between S3-Cu3 and S4-Cu4. We further performed the simulation by using 2×1×1 supercell of covellite CuS, in which we put 4 Pd atoms (i.e. with final composition of Cu 12 S 12 Pd 4 ) at three different interstitial positions. The initial three models and the structures after relaxation are depicted in Figure S11 . It is interesting that the final stable structures upon relaxation are almost the same in cases of a) and c) in Figure   S16 S11, although the starting doping sites are different. In both cases, the final Pd atoms are stable between S-S layers and thus break S-S bonds. Figure S11b ) is much higher than those of other tow cases ( Figure   S11a ,c), which further indicates that Pd inserting between S-S layers is more energetically favorable than other sites.
After relaxation, the values of the cell lattices for pure CuS and Cu 12 S 12 Pd 4 @1 are listed in Table   S7 , and the relaxed supercells are shown in Figure S12 . Clearly, the doping Pd between S-S layers induces the cell distortion, with a total expansion of the cell along axis c of 11.99%.
Furthermore, the S-S bonds break and the angles of Cu-S-Cu and S-Cu-S change upon the insertion of Pd atoms ( Figure S12b ), which is in agreement with the calculation using one cell. Fraction of the particle occupied by inner ellipsoid: core
• ( ℎ 2 )
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Polarizability for core shell oblate: The resulting core-shell heterostructures with locked covellite CuS core exhibit stable NIR plasmon property upon oxidation by air exposure. The maximum blue shift of the NIR plasmon absorbance, which occurred in the sample with thinnest shell thickness (1 h sample, see Tables   S8 and S9) , is only 41 nm upon oxidation for 31 days ( Figure S16a ). Thicker shell leads to less blue shift thanks to the protection by the amorphous CuPd x S shell, and no any NIR plasmon absorbance could be developed in a core-shell NPs achieved at 24 h by air exposure for 31 days.
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For comparison, we also investigated the evolution of NIR plasmon absorbance upon oxidation of the Cu 2 S NCs as-synthesized following a procedure reported by us, 4 which confirm a gradual development of the NIR plasmon absorbance and prominent blue shift up to around 1400 nm after 31 days of oxidation by air exposure ( Figure S16d ).
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Oxidation of the CuS@CuPd x S core-shell nanostructure by I 2
We noticed that the core-shell NPs show slight red shift of NIR plasmon resonance upon oxidation in the presence of I 2 ( Figure S17a-c) . Thicker shell leads to less shift of plasmon absorbance upon oxidation. Furthermore, the fabrication of shell preserves the overall morphologies of the NPs upon oxidation (Figures S18 and S19) . 
